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Abstract

This system design of  a
thermophiotovoltaie (1PV) module is based upon
low-bandgap photovoltaic cells. The following
teclmical mcas are addicssed: (1) Systemn
desipn including  determination  of  module
geometry and heat transfer, module size and
conligmation, atray size and configmation,
cooling water power requirements,  module
matenals, and properiies of the TPV cell cavity
including the emitier and cell optical properiics,
cell mounting and cell wiring; (2) Determination
of optical parameters including emitier spectia
aud cmitter filtermg. options;  and  (3)
Determination of the module power density.

Background

The concept of TPV encigy conversion
dates back mote than 20 years (White, 1961 and
Wedlock, 1963). 1t has been shown that the
idcalized 1PV collve.lie] is capable of very high
cfhciency (Wedlock, 1961). Much of the carly
rescarch wa s on silicon cell based systems
where the sun (Wedlock, 1963), tossit Tuels
(0 Jaushalter, 1966), o 1adioisotopes (Gritton,
1965) povided the input encrgy.,  Several
investipations of permanivm photovoltaic calls
for TPV have appeared (Kim, 1969 and Kecith,
1072).  ‘Ther ¢ has b ocen recent work on a
1adioisotope powered GaSb TPV system (Day,
1990).

System Design

The design of this TPV systemn included
cverything from the heat souice down to the

TPV cell mechanical  paramcters. Work
previously reporied but not published (Ong,
1992) discusses the details of the TPV substiate
and cell fabrication. The bascline system design
paramelers were:  souice (icmperatinne range -
866K 10 1255K (1100 “F 1o 1800 °F); maximum
working pressure - 6.9 MPa (1000 psi); heat
transfcr cocfhicient - 5678 W/m’™K; desired
power density - 0.6 KW/I; and desiied 1PV
conversion cfficiency - 20%.  Using these
values the heat transfer, system confhiguration,
matcnial, and optical details were derived.

ITeat Transfer

I Icat 11 ansfer Requitements - 1 Jeal
transfer from the emitter to the TPV cell will be
entirely by radiation.  If" the YRV cell has  a
band- gap of 3.3;n (this cor resporonds 1o the
bandgap of InAs) and the systein is operated at
i ts maximum temperature (1255K) then the
integral of Planck’s 1 aw fiom ().6 to 3.3
mict ons gives a blackbody radiated encigy of
‘/.1W/en?. This is the maximmuin heat cincrgy
availablce for conversion assuming no losses. I
all ener gy outside of the useful range is
included, the heat transfer 1equirement would
essentially double to about 14 W/em?, A
rcasonable maximuin heat transfer requirement
would then be about 10 W/em? assuming limited
losses and a sut face emittance of less than 1.

Input heat by solids was raled out due o
design considerations, ther cfore, only gascous
and fhunid heat transfer systems are considered in
the discussion below,

Gascous Heat Transfer - A prcliminary
look shiows that a gascous heat transfer medinm
(stcam) at 6.9 MPa and 1255K will be of T most
steam tables. Using safety as a consideration,



steam and other gascous media were raled out.

Yluid Mcat ‘Transfer - Organic liquid
compounds  generally will not be  thermally
stable at the operating temperatuie range. 1'in
only two types of fluid media were considered -
liquid metals and inorganic compounds.  The
liquid metals weie not favored due o safety
rcasons but are included here for the sake of
completencss.

Liquid Mectals - In the  operating
temperature range there are seven metals which
are hiquid at atmospheric pressure: 14, Ga, In,
Sn, 11 Pb and Bi. Sodium is just out of rangc
at the high end, but can be included, if lightly
pressurized.  ‘There are many binary  alloys
which could be used over the temperatme
tange, but only data for Nak was sought duc (0
time limitations.  Thallivm is very toxic and
indium and gallimn arc expensive so  these
mctals were diopped. Bismuth, Icad and tin all
have Tow specific heat values and limited casily
available data. The 1emaining thiee metals have
hcat transfer data that is casily found in the
literature:  lithivm, sodium, and sodnn/78%
potassinm cutectic alloy.

Lithium has the highest specific heat of
the thiee Tiquid metals, however a caleulation of
heat transfer wcquitements showed that this was
not a decisive factor. Since lithium is extiemely
1cactive and difficult to handle, it was dropped
from consideration. There was no stated need
for a low melting point so the sodium/potassium
cutectic alloy (Na/78 %K) was not sclected. A
possible safety problem from a potassivm oxide
explosion was an additional consideration. Ry
climination, sodivm was choscn as the candidate
input heat transfer fluid even though it must be
pressurized to about 0.2 MPa (30 psi) at the

ligh  temperature  end. Tin is the  best
alternative if system weight is not a problein o
safety is imporiant,

Inorganic Compounds - Theie are at
fiftlcen  possible  simple — inorganic
compounds which arc liquid at atimospheric
pressures throughout the deshred temperature
range and which are not likely to thermally
decompose, Some  compounc such  as
amarium dodide  are too ensive 1o be

considered. Other compounds such as cadmivm
chloride arc too toxic. If these two criteria are
applicd, then there remains only six simple
inorganic compounds:  CuCl, B,0,, iRy, 1il,
KOH, NaOll. Al of the halogen containing
compounds are questionable since the selected
high temperature tubing matetials are attacked
by halogens but form stable, high temperatue
oxides.  The remaining three compounds arc
commonly used  materials  so  theh
thermodynamic propertics were sought.

All thice: compounds have  adequate
thermal properiies. Both hydioxides are very
likely to be corrosive.  The vapor pressure for
boron oxide was not listed in the 1eference
handbooks, so this property is still in question.
Overall, boron oxide may prove to be the least
troublesome  compound  for  heat  transfer.
Howcever, matenal properiics of boron oxide
would need to be determined in order to
properly cevaluate this material,

System Configuration

Modular ‘tube Arrangement - TPV cell
cfficiency varies with radiation (cinpciatuie duc
to changes in the emission  spectram and
radiation intensity. A counterflow heat transfer
system would therefore see a large temperature
change along the length of the tube. This large
temperatme change would cause cach ¢ell in a
series  string (o produce a  diffcient output
conrent and thus the performance of the scries
string. would be degraded to the cunent of the
least cfficient (lowest  emission  temperaturce)
cell,

In order to tiansfer heat at  cqual
temperatures (o a large number of TPV cells it
was decided to use a cross-flow tube bank
design for the system (see Vig. 1), The highest
row of tubes shown in the fipme will all sce the
ame inlet temperature: essentially all around
their cireninference and all along their lengih,
The next lower row of tubes will have a lower
input temperature and so on (o the bottom of the
tube bank where the outlet temperature will be
scen. A 10 by 10 tube bank was sclected from




heat transfer tables (Parker, 1969, p. 263) for
calculation and representation purposes.  In
order to maintain a predictable heat transfer rate
and to minimize volume, the 10 x 10 tube bank
should be arranged as a staggered cquilateral
tnangle having a piteh to diamcter ratio of 1.25
(the smallest 1eccommended ratio) which resul
in a tube-to-tube gap of 1 cm.  This is just a
little Targer than the: minimum: recommended
0.64 cm (0.25") spacing (Kicith, 1973, p. 483).

Modular Tube Size and Shape - A tube
outside diameter of 4 cm was selected to allow
a hexagonal inner tube with 1 em faces and to
provide some 100m for optical concentration at
a later date (Sce Fig. 2). A module tube length
of T m was sclecled to allow adequate serics
string voltage. This tube is exposed to the drag
from the circulating heat transfer medivm. The
cocflicient of drag for a cylinder was found
from a graph  (Parker, 1969, pg. 121).
Calculations show that the diag (130 N) at
opcrating  temperatures  on this  length of
cylindrical tubing would only defleet the tube by
0.0079 ¢m (0.0031"),

A cylindnical geometry was  sclected
because of its ability to withstand the pressure
differential between the vacuum inside and the
pumped  hiqmd  outside. A cylinder  also
minimizes the wall thickness, which in tuin
reduces the mass of the module as well as
improving heat transfer.  ‘The outside of the
tube was left as a cylindrical surface since any
fins o1 ivegolarities cause large temperature
changes duc to aestricted flow.  ‘The inside
sutface of the tube was also left as a cylindrical
surface so as to simplify analysis, however, the
use of internal fins should 1esult in improved
urface cmittance.

Materials

Fmitler Tube Materials - A liquid metal
system was chosen as a baseline.  However,
other matenials choices may be made if another
bascline heat transfer medium s selected.
There are only two well- characterized metal
alloy systems for wse with corrosive liguid

alkalime metals — while  exposed  to high
tfcmperatures: Nb/1%7y, and T-111
(Ta/8%W/2.%1H). When the working pressure
constraint of 6.9 MPa (1000 psi) is applicd, the
stronger, 15111 alloy was sclected  since it
1esults ina tubing wall thickness of only 1.14
mm (0.045") versus 2.79 mm (0.110") {o
Ni/1%7xr.  The use of these alloys with
alternative heat transfer media, such as boron
oxide, awaits determination of the propertices of
B,0; over the operating temperature 1ange.

IV Cell - The availability of highly
uniform, good quality, singlc crystal substiates
of low band-gap photovoltaic materials is
limited at this time. As awesult, a cell size of
I em x 1T em has been chosen in order to
implify procurement of cells.  This selection
will causc high assembly labor costs but this is
balanced by lower material costs.

Cell Cavity Optical Propertics - The
emitler surface will be selected from a number
of different materials which are capable of
sclective emission such as: specular metal with
a thin film coating of silicon dioxide; or
specular metal with a thin filn coating of a rarc
carth oxide (preferably hohinium),

The TPV cells are located on the outside
of a specially extruded aluminum tube which
lias 1 cm facets. The cell front surface could be
textured for optimum absorption rather than
polished although polished surfaces are casy to
fabricate.  The fiont swiface could have a
visible/ncar-1R - antireflection  coating  which
becomes a reflecting surface in the middle- 1R,
The effect would be that of a high pass filter.
The back surface of the cell will be highly
polished since it must be a very good 1eflector
of infrared photons with wavelengths longer
than the bandgap.

TPV Cell Mounting - The TPV cells will
be mounted on cach facet along the axis of the
inner tube. Since the cells and the inner tube
will not undergo any temperature extiemes, it is
possible to use silver epoxy for good heat
conduction. The surface of the inner tube may
be anodized to produce an insulating surface
with little thermal resistance.

Wiring - Fach facet of the inner tube




will be wired as a series stung.  The open
ciicuit voltage of cach cell is expected 1o be
approximately 0.18 V for InAs cells. I theie
arc one hundied 1 em cells ona 1 m tube, then
the resultant series string output should be about
18 V. I the total uscable radiated power is 7
W/em? (0.6-3.3um) and all of this power is
dinected to the cell then the output current
would be about 15 amperes, assuming a 20%
cell was available. Output for all six facets of
the tube could then be as high as 972 W for the
high temperatute bank of tubes using a fill
factor of 0.6.

Optical Paramcters

Fmitter - The emission spectiom will
depend upon which emitier design is chosen.
An emitter made by coating a sheet of polished
tungsten with - silicon  oxide  should  have
spectrally  selective  absorption and  cinission
Ref. 4, pe. 149). An emission spectram of
thin film rare carih oxide on specular metal has
not been found in the literature but is of
interest.

Filtering - ‘The concept of filtering has to
be discussed in context with the 1est of the
module design,  Yirst, the use of sclective
emitters which has alicady been discussed, can
be viewed as a form of filtering.  Sccond, the
use of a lngh-pass antireflective coating on the
cell surface is definitely a form of filtering,
Third, the use of a discicte filtering, clement
located in the space between the emitter and the
cell is a possibility, but it 1aises  scrious
mechanical design problems:  filter absorption
losscs  and  heating, filler band  width  for
different emitler temperatuies, filter suspension
and end plate scaling, and fragility.

Module Power Density

Lfficicney vs. Power Density - The TPV
cell efficiency is predicted to i st with
increasing power density incident on the cell
surface (Sew Yig. 3). If optical concentration

were to be implemented, efficiencies as high as
23 % arc attainable in this particular system. An
cffective concentration of approximately 9x is
necessary 1o obtain a predicted cfficiency of
20%.  ‘The fcasibility and the methods of
implementing such concentration are still to be
determined.

Power Density vs. Heat Transfer Rate -
The  chosen  fluid-to module  heat  transfer
cocfficient is .5678 W/cm*X. In order to
achicve the maximuim  black  body emitler
radiated power of 7.012 W/em? (0.6-3.3;im) at
1255K, there will have to be a temperatore drop
from the fluid to the cmitter tube of 12.35K.
This poses no problems.

Powcer Density vs. Temperature - TPV
cell efficiency and emitler surface radiation both
decrease  with  decreasing  temperature, Al
1255K and 20% TPV cfficicncy the power
density is .42 kW/] for the top bank of tubes
and the outlet temperature is assumed to be
about 1170K. M the conesponding outlet
temperature is the minimum allowed (860K),
then the lower bank temperatme would be about
900K and the power density would be only
about 0.12 kW/I.

Puamping losses - Pamping losses are
charged against overall system efficiency  so
these lTosses must be kept small. The power
required to pump the liguid metal and water for
the 10 x 10 x 1 m tube bank is approximately
530 W, compared to the estimated 97.2 kW
output from the TPV cells in the bank.

Summary

A system design was made  of  a
thermophot ovoltaic (71737 V) module and a
corresponding array of modules to accommodate
low- bandgap TPV ccells.  ‘The system was
infended to be practical for futmie fabr ication.
The  anay  includes  one hundied  tobes
(imodules), which are ar ranged in a cross-flow
tube bank configuration in order to transfer heat
at cqual temperatures to the Jarge number o f
TPV cells. 1 dach module consists of (wo
concentric tabes,  The outer, cylindr ical tube



includes the emitter swmiface and outer shell
matcrial; the inner, hexagonal tube includes the
TPV cells, which are maintained ncar 100m
temperatuie by cooling, water within the tube.
The maximum estimated clectrical output for
onc module is 972 W and the 100 tube bank is
97.2 kW.
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